Native to North America, ruddy ducks Oxyura jamaicensis now occur in 21 countries in the western Palaearctic (including Iceland) and their expanding population threatens the native white-headed duck, Oxyura leucocephala , through hybridization and possibly competition for food and nest sites. We used mitochondrial DNA sequences and nuclear microsatellites to test whether the European ruddy duck population is descended solely from the captive population in the UK, which traces to seven individuals imported from the USA in 1948, or, alternatively, has been augmented by natural dispersal of birds from North America. Limited genetic diversity in the European population is consistent with a founder population as small as seven birds. In addition, shifts in allele frequencies at several loci, presumably due to genetic drift in the founding population, result in significant differentiation between the European and North American populations. Despite the recent separation of these populations, almost all individuals could be unambiguously assigned based on their composite genotypes, to one of two distinct populations, one comprising all of the European ruddy ducks we sampled (including those from Iceland and captive birds in the UK) and the other comprising all North American samples. Our results confirm that the European ruddy duck population is likely to derive solely from the captive population in the UK and we find no evidence of recent arrivals from North America or of admixture between ruddy ducks from Europe and North America.
Introduction
The introduction of species to areas outside their natural range has become commonplace and is one of the major threats to biodiversity (Allendorf et al . 2001; Brown & Sax 2004) . In addition to the potential negative effects of invasive species on ecosystem function and biodiversity, hybridization with an exotic species can lead directly to the extinction of a native species (Caughley & Gunn 1996; Rhymer & Simberloff 1996; Parker et al . 1999; Allendorf et al . 2001) . Such hybridization currently threatens several bird species with extinction (BirdLife International 2000) . Introduction of exotic birds is often carried out by human intervention, but in some cases birds have colonized new areas on their own accord. For example, the pied stilt, Himantopus himantopus , expanded from Australia to New Zealand, and subsequently hybridized with the endangered black stilt, Himantopus novaezelandiae (Marchant & Higgins 1990) . Naturally occurring hybridization may be viewed as part of a species' evolutionary process (Arnold 1997) , whereas human-mediated introductions that result in invasive species and hybridization are generally considered undesirable.
The ruddy duck, Oxyura j. jamaicensis , is native to North America, and over recent decades has had stable or increasing populations throughout its breeding range (Brua 2001) .
It is migratory in the north and resident in the south (Brua 2002) , with a total population of c . 500 000 birds (Wetlands International 2002) . Two other subspecies exist that inhabit South America (McCracken & Sorenson 2005) . The ruddy duck now also breeds in Europe. It was first detected breeding in the wild in the UK in 1960 (Hughes 1998) and, by the year 2000, the UK population comprised c . 5000 individuals (Hughes et al . 2004 ). This represents a growth rate of 18% per annum. The species has now been recorded in 21 western Palearctic countries concentrated along the northern European coast, with breeding attempts in at least 11 countries (Hughes et al . 1999 (Hughes et al . , 2004 . Regular breeding takes place in Iceland, Ireland, the UK, the Netherlands, France, Spain and Morocco. Since 1984, Iceland has had a breeding population numbering up to 36 ruddy ducks that likely migrate to the UK in winter (Nielsen 1994) .
The ruddy duck population in Europe has become the main threat to the survival of the endangered white-headed duck, Oxyura leucocephala , through hybridization and perhaps also competition for food and nest sites (BirdLife International 2000; Green & Hughes 2001) . Concern for the white-headed duck has led to measures to control or eliminate ruddy ducks in Portugal, Spain, France and the UK (Hughes et al . 2004) . Control measures have generated considerable controversy in the UK, where the ruddy duck has been welcomed as an interesting addition to the avifauna by many birdwatchers (e.g. Zonfrillo 2000) .
The presence of the ruddy duck in Europe has been attributed to the importation of seven birds from the USA to the UK in 1948 for captive breeding and the subsequent escape of birds from captivity (Hughes 1998) . Breeding was first recorded in the wild in 1960, and no ruddy ducks were recorded in Europe prior to the establishment of the captive population (Hughes 1998) . Nevertheless, vagrants of other duck species regularly cross the Atlantic from North America (Cramp & Simmons 1977) . Hence it is not surprising that opponents to control measures against ruddy ducks have argued that the growing population in Europe has been partly established by vagrants arriving through natural dispersal. This seems most plausible for birds breeding in Iceland, because some of the waterfowl species breeding there winter in North America (notably Barrow's goldeneye Bucephala islandica , Kear 2005) .
To test whether the natural arrival of ruddy ducks from North America helped found the European population, we compared the genetic diversity of ruddy duck populations from both continents (including both feral and captive populations in Europe). We predicted that if ruddy ducks in Europe originated from a small captive population, genetic diversity should be lower in Europe as compared to North America. Only three females and four males were imported to establish the captive population in the UK in 1948 (Hudson 1976) . If these were the exclusive source of the feral population, and if all of them reproduced, not more than three mtDNA haplotypes should be observed today in the European population. In addition, microsatellite alleles and genotypes found in the European population should be consistent with an origin from a small captive population and many of the same alleles should be present in the current captive population in the UK, which is comprised of direct descendants of the seven birds imported in 1948. Finally, we tested a small sample of ruddy ducks from Iceland to determine whether they are of European or North American origin.
Materials and methods

Samples
A total of 171 ruddy duck samples were collected between 1987 and 2003. Samples comprised fresh tissues, including blood, brain, muscle, or feathers. Samples from North America ( n = 67) included 34 birds from the eastern USA, 24 from the central USA and Manitoba in Canada, and 9 from the western USA. We concentrated our sampling effort in eastern North America because this region would be the most likely source for birds dispersing naturally from North America to Europe. Samples from Europe included 29 from Great Britain, 19 from France, 39 from Spain, 3 from Iceland and 14 from two different avicultural collections in the UK (7 from the Wildfowl and Wetlands Trust, WWT, and 7 from a private collection in Monmouth). As far as it is known, these captive birds and those in other European collections are descendants of the seven birds imported to WWT from the USA in 1948 (B. Hughes, personal communication).
All ducks from the wild in Europe were shot during government-sponsored programmes to control ruddy ducks. From captive ducks blood samples were obtained. Samples from North America were taken from birds shot by hunters (samples obtained from the US Fish and Wildlife Service) or birds caught and released in other research projects. Samples from Iceland comprise the only three individuals that have been collected there to date.
DNA was isolated following the salt-extraction procedure of Gemmell & Akiyama (1996) or using the DNeasy Tissue Kit (QIAGEN). In the case of feathers, 30 µ L of 100 mg/mL dithiothreitol (DTT) was added to the digestion buffer to achieve complete digestion of feather quills (Cooper 1994) .
Sequencing of the mtDNA control region
A subset of 107 samples representing all localities was selected for sequencing domain I and part of domain II of the mitochondrial DNA (mtDNA) control region (Table 1) . We used the primers L81 (5 ′ -TATTTGGYTATGYAYRT-CGTGCAT-3 ′ ) and H768 (5 ′ -TATACGCMAACCGTCTC-ATYGAG-3 ′ ) to amplify and sequence a fragment of 575 base pairs (bp). The details of polymerase chain reaction (PCR) and sequencing protocols are described in Muñoz-Fuentes et al . in press) . Sequences were aligned by eye using se -al version 1.0a1 (Rambaut 1996) . We found no evidence of nuclear copies (or numts) in our sequences: DNA extracts from tissues that differ in the relative number of mtDNA and nuclear copies (for example, blood and muscle tissue) provided clean and identical sequences and no double peaks were found in the electropherograms (see Sorenson & Quinn 1998) for additional information on numts ). Sequences have been submitted to the EMBL/ GenBank/DDBJ database (Accession nos AM84909-AM85003). Additionally we used sequences from McCracken & Sorenson (2005; AY747742, 43, 45 -48, 50, 51, 56, 57, 60, 61) .
Typing of microsatellite loci
We genotyped 11 microsatellite loci developed for both ruddy ducks and white-headed ducks in 141 individuals (Table 1) . PCRs were performed with three primers to allow standard fluorescently labelled primers to be used with different loci: we attached either an M13Reverse or a CAG tag to the 5 ′ -end of the forward primer, and added to the amplification reaction either a labelled M13Reverse or CAG tag, respectively ). PCR conditions are described in . PCR products were electrophoresed on a MEGABACE sequencer (Amersham). Fragment sizes were determined using Genetic Profiler version 2.0 (Amersham) by comparison to an internal size standard.
Analysis of mitochondrial data
Haplotype diversity ( Hd ), nucleotide diversity ( π ), and their standard deviations were estimated using dnasp version 4.0 (Rozas et al . 2003) . To illustrate relationships among haplotypes, we constructed an unrooted parsimony network using tcs , version 1.13 (Clement et al . 2000) .
To assess population genetic structure, we used an analysis of molecular variance ( amova ) (Excoffier et al . 1992) as implemented in arlequin 2.001 (Schneider et al . 2000) . We calculated Φ -statistics, analogues of F -statistics that incorporate information about genetic distance between haplotypes, and estimated the proportion of molecular variance components due to the effects of individuals, populations and groups. Significance of both the Φ -statistics and variance components was assessed using a permutation approach. In addition to testing for differentiation between North America and Europe, we defined subpopulations based on general knowledge of migratory waterfowl movements in North America (Baldassarre & Bolen 1994) and sampling location (see Table 1 for groupings and sample sizes). Samples from Iceland and from the captive populations, because of their small number, were excluded from the amova s.
To test for evidence of recent population expansion in the North American population, we constructed a mismatch distribution (Rogers & Harpending 1992) and also calculated Fu's F S , which has greater power than other statistics for detecting population expansion . (Fu 1997; Ramos-Onsins & Rozas 2002) . We also calculated the expansion coefficient S / d , where S is the number of variable sequence positions and d is the mean number of pairwise nucleotide differences; a large value indicates recent population expansion and a small value constant population size (von Haeseler et al . 1996; Peck & Congdon 2004) . We used arlequin 2.001 (Schneider et al . 2000) and dnasp version 4.0 (Rozas et al . 2003) to perform these calculations. We also used the coalescent-based method implemented in fluctuate version 1.4 (Kuhner et al . 1998 ) to test for evidence of population expansion. The program was run several times to ensure convergence of the estimates (Kuhner et al . 1998) . 
Analysis of microsatellite data
We used the programme micro -checker version 2.2.1 (van Oosterhout et al . 2004 ) to test for evidence of genotyping errors in our microsatellite data. We used genalex version 5.1 (Peakall & Smouse 2001) to calculate allele frequencies and expected ( H E ) and observed ( H O ) heterozygosities.
Deviations from Hardy-Weinberg equilibrium (HWE) and linkage disequilibrium were tested using the Markov chain method implemented in genepop (Raymond & Rousset 1995) . We applied Bonferroni sequential correction (Rice 1989) to assess statistical significance when multiple simultaneous tests were performed. We calculated allelic richness (mean number of alleles per locus; Leberg 2002) corrected for sample size with fstat version 2.9.3.2 (Goudet 1995) . This correction involves calculating the mean number of alleles per locus after subsampling from each population the same number of individuals as present in the smallest sample. To test whether seven individuals originally brought to the UK from North America could account for all of the genetic diversity present in the current European population, we randomly resampled seven ruddy ducks from North America 1000 times to obtain an expected distribution for the number of alleles that could be present in the founding population.
To test for nuclear genetic differentiation among populations, we calculated F ST using genalex version 5.1 (Peakall & Smouse 2001) . We used F ST instead of R ST because F ST estimates perform better when samples sizes are small and the number of loci is low (Gaggiotti et al . 1999; Sefc et al . 2005) and because some of the microsatellite loci we used had imperfect repeats and/or did not conform to a simple stepwise-mutation model. The individuals were divided into populations as for mtDNA (Table 1) . genalex calculates the distribution of the variance components and F -statistics, F RT , F SR and F ST . F RT measures how much of the genetic diversity is explained by the grouping of the populations into regions, relative to the total genetic diversity in individuals; F SR accounts for how much of the genetic diversity is explained by the grouping of individuals into populations, relative to the genetic diversity of individuals within the same region; and F ST measures how much of the genetic diversity is distributed in populations relative to the total genetic diversity in individuals. Statistical significance was tested using a permutation approach, and the number of permutations was set to 999.
To test whether ruddy ducks from Iceland, the rest of Europe, and captive populations in the UK belong to a single population and to test for recent dispersal of individual birds from North America to Europe, we used the program structure version 2.1 (Pritchard et al . 2000) . structure implements a Bayesian clustering method to identify the most likely number of populations ( K ) and probabilistically assign individuals to populations without using a priori information on sampling location. Two runs were completed for each value of K (from 1 to 5) using 30 000 steps for burnin length and 1 000 000 steps for run length. The likelihood values were observed to converge during the runs, and the two runs for each value of K gave almost identical results. All individuals for which microsatellite data were available were included in these analyses. We also used the software newhybrids version 1.1 beta (Anderson & Thompson 2002) to test for evidence of two genetically distinct groups (i.e. North American and European) and whether any individuals within the European sample might be the result of interbreeding between a ruddy duck from North America and a ruddy duck from Europe. No a priori information about the origin of individuals was entered into the analysis and, as recommended, we ran the program with different priors to explore the sensitivity of the results.
Results
Genetic diversity
Among ruddy ducks from North America, we found 18 variable sites defining 23 unique haplotypes for the 575-bp control region fragment we sequenced (Table 2) . Of the 67 North American ducks for which mtDNA was sequenced, 27 (40%) had the same haplotype, Ojam_01. The remaining haplotypes were observed in one to seven individuals (Fig. 1) . In contrast, only the common North American haplotype, Ojam_01, was found among European ruddy ducks, including the three birds from Iceland.
The parsimony network illustrates the relationships between haplotypes (Fig. 1) . The most common haplotype, Ojam_01, occupies the central position in this network, with all the others differing from it by one to three substitutions. There was no evidence of population structure within North America: individuals from each flyway had haplotypes distributed throughout the network and, among the nine haplotypes present in more than one individual, seven were observed in different flyways (Table 2) . Within a nested amova framework, overall Φ ST was significant ( Φ ST = 0.080, P = 0.044), whereas all pairwise comparisons within North America or within Europe were nonsignificant (Table 3) . A small proportion of genetic variation was due to differentiation between North American and European populations but this was not statistically significant ( Φ CT = 0.100, P = 0.102). However, given the lack of structure within each continent, we also calculated pairwise Φ ST between North America and Europe without considering populations inside the continents. The value obtained was highly significant (Φ ST = 0.093, P = 0.000), indicating a lack of power in the previous analysis due to small sample sizes. Mitochondrial DNA haplotype and nucleotide diversity were relatively high in ruddy ducks from North America, with values of 0.824 and 0.00345, respectively. Similar values were observed within each flyway in North America. In contrast, no mtDNA variation was found in ruddy ducks from Europe (Table 4) .
The mtDNA mismatch distribution for individuals from North America was unimodal (Fig. 2) , a pattern that is compatible with a recent population expansion (Rogers & Harpending 1992 ). This pattern is also supported by the haplotype network (Fig. 1) , in which a number of rare haplotypes radiate from a central common haplotype (Slatkin & Hudson 1991 ). Fu's F S was negative and significant (F S = −12.30; P = 0.00), a result also compatible with population expansion (Fu 1997) . The expansion coefficient and exponential growth parameter also showed evidence of expansion (S/d = 9.07 and g ≈ 10 3 , respectively).
Among the microsatellite loci, Oxy4 did not conform to Hardy-Weinberg expectations (P < 0.01) in four populations (Atlantic, Mississippi, Pacific and Spain), as was the case for locus Oxy14 in two populations (Atlantic and Pacific). After sequential Bonferroni correction, however, the deviation from Hardy-Weinberg expectations was significant only for locus Oxy4 in three populations (Mississippi, Atlantic and Spain). Evidence for linkage disequilibrium between Oxy4 and Oxy10 was found in six populations (Atlantic, Mississippi, Pacific, UK, France and Spain) (P < 0.05). We therefore excluded Oxy4 from all analyses except allele counts. Ten additional pairs of loci (3% of 334 paired comparisons) showed some evidence of Table 1 for abbreviations). linkage disequilibrium, but the same pairs of loci were not consistently linked in all populations (maximum of two populations). We therefore treated these as unlinked loci. The program micro-checker detected evidence of null alleles in Oxy14 in Atlantic and in Oxy17 in Spain, but no consistent pattern was detected across populations, so we included these loci in the analyses. The allele frequencies for each locus and population are given in Appendix S1 (Supplementary material).
As with mtDNA haplotypes, a greater diversity of microsatellite alleles was present in North America than in Europe (Appendix S1, Fig. 3 ). Across all loci, a total of 71 alleles were found, of which 69 were present in North America and 38 were present in Europe, including both feral and captive ducks. The mean number of alleles per microsatellite locus, allelic richness and observed and expected heterozygosities were all higher in North American ruddy ducks (Table 4 ). The same was observed when comparing individual populations. In general, microsatellite alleles in European ruddy ducks were a subset of those found in North American ruddy ducks, although two alleles found in feral ducks from Europe were not found in our sample from North America. For many loci, the reduction in allelic diversity in Europe was accompanied by a substantial shift in the identity and/or frequencies of the most common alleles (Fig. 3) .
Samples from Iceland, Europe, and captive collections in the UK generally shared similar sets of alleles. Although based on a small sample, allele frequencies in ruddy ducks from Iceland were clearly more similar to those in the feral European population than to those in North America (Fig. 3 , Appendix S1). Only six alleles present in the European feral population were not present in our smaller sample of captive European populations (allele 154 in Oxy1, allele 246 in Oxy4, allele 168 in Oxy10, alleles 195 and 219 in Oxy13, and alleles 129 in Oxy14) (Appendix S1), whereas a single allele found in Monmouth was not found in feral ruddy ducks from Europe, but was present in North America.
As compared to the mitochondrial data, microsatellite data indicated greater differentiation between North American and European populations (F RT = 0.276, P = 0.001), whereas no differences were found among the populations within these two groups (F SR = 0.000, P = 0.475). Overall Oxy1, Oxy3, Oxy6) showed lower allelic diversity in both populations. These loci had 3 and 3 alleles; 2 and 1 alleles; and 2 and 2 alleles in North America and Europe, respectively. The area of each circle is proportional to the relative frequency of each allele.
F ST was also significant and accounted for 27% of the genetic variation (F ST = 0.274, P = 0.001). Pairwise F ST comparisons of populations were significant for all North American vs. European comparisons (P = 0.001 in all cases) (Table 3 ), but were not significant for pairwise comparisons among North American populations or among European populations. Analyses with the software structure indicated that the greatest likelihood was for K = 2 populations (estimated ln prob of data = −2394.3), with individuals sampled in North America strongly assigned to one group and both feral and captive individuals sampled in Europe strongly assigned to another group. For 93% of individuals, the inferred proportion of ancestry to their respective population was greater than 90%, and for 97% of the individuals it was greater than 80%. One bird from the UK was assigned almost equally to both groups (i.e. North America and Europe), and one bird from Spain and one from a captive breeding population were not clearly assigned (the proportion of ancestry attributed to the European population was 75% and 64%, respectively, for these two individuals). Posterior credible regions for these three individuals, however, ranged from 0 to 1, indicating that their genotypes were consistent with belonging to either of the two groups and that a lack of power rather than genetic admixture likely explains the uncertain assignment of a few birds. Some additional individuals had wide credible regions, but typically they were centred around the probability of belonging to one group or the other. Because structure could not clearly assign these few individuals to either of the two populations, we also analysed the data with the software newhybrids to check if these individuals could be 'hybrids' resulting from crosses between American and European birds. As with the structure analysis, we found that ruddy ducks from North America were assigned to one group and that ruddy ducks from Europe, both feral and captive, were assigned to another group. No individuals were assigned to an intermediate group (referred to as F 1 by newhybrids and corresponding to first-generation offspring of crosses between individuals from the two continents). Using different priors produced essentially the same results. This suggests that the genotypes of all European ducks were clearly differentiated from all the North American ducks, indicating that none of them was likely to be a recent immigrant or its offspring.
With both of the above methods, ruddy ducks from Iceland were assigned to the European population, suggesting that they originate from the European population rather than North America. Likewise, the ruddy ducks from captive populations in the UK were also assigned to the same group as feral ruddy ducks from Europe. This result is consistent with the hypothesis that the European feral population was founded by the escape of captive ducks in the UK.
The six microsatellite alleles present in the European feral population that were not found in the captive European populations (see above) might suggest that those alleles were derived from sources independent of the captive population in the UK, such as natural arrival of individuals from North America or other undocumented captive populations in Europe. However, a resampling approach indicates that seven individuals (i.e. the number of founders for the captive population) sampled from the North American population would carry a minimum of 28 and a maximum of 48 alleles, with a modal value of 38 (Fig. 4) . Therefore, the number of alleles observed in captive and feral ruddy ducks from Europe (38 alleles) could be explained with just seven founders and without any additional gene flow from North America. This conclusion assumes minimal loss of alleles through drift between the founding event and the present, a condition that might be satisfied if all seven founders contributed to the European population and if the founding event was followed by rapid population expansion (see Discussion). Drift within the smaller captive population subsequent to the establishment of the feral population in Europe combined with our small sample of captive individuals (n = 13) may also help to explain the somewhat larger number of alleles we documented in our sample from the feral population (n = 79 individuals).
Discussion
The ruddy duck in North America
Our analyses of ruddy ducks from North America showed no evidence of genetic structure across the geographical range of this species, either in mtDNA or microsatellite nuclear DNA. These results are consistent with band-return data for ruddy ducks (US Geological Survey unpublished data): birds ringed in one flyway are often recovered in another, suggesting a high degree of mobility and dispersal.
Our analyses also provide evidence for population expansion as suggested from the haplotype network (Fig. 1) , the mismatch distribution (Fig. 2) and the negative and significant value of Fu's F S . The expansion coefficient (S/d) and the maximum-likelihood estimate for the parameter S reached values reported in other studies as indicative of population expansions (von Haeseler et al. 1996; Lessa et al. 2003; Peck & Congdon 2004) . Although tests of neutrality (Fs) cannot distinguish between a population expansion and a selective sweep (Fu 1997; RamosOnsins & Rozas 2002) , our results, taken as a whole, are indicative of population expansion. Among birds, there is considerable variation in mtDNA mutation rate estimates (Lovette 2004) , among which there are values as high as 20.8% divergence per million years for a small portion of the control region in geese (Quinn 1992) . Given the absence of fossil evidence and the fact that our sequences comprise both highly variable and relatively conserved regions, it is difficult to establish a molecular clock. Recent expansions have also been documented for other North American birds (Milá et al. 2000; Hull & Girman 2005) and mammals (Brant & Ortí 2003; Lessa et al. 2003) , possibly following the retreat of ice sheets after the last glacial maximum about 21 000 years ago (Cowling 1999) or other recent climatic changes. The lack of population genetic structure and evidence of recent expansion in North American ruddy ducks is similar to that observed in the congeneric white-headed duck Oxyura leucocephala in the Palaearctic (Muñoz-Fuentes et al. in press) .
The lack of genetic structure in North American ruddy ducks is relevant to evaluating hypotheses about the origin of the European population. If, for example, ruddy ducks in the eastern USA were genetically differentiated from other populations, then natural dispersal to Europe might introduce only a limited subset of the genetic diversity present in North America. Our results, however, indicate that the European population is no more similar to ruddy ducks in the eastern USA than to those in other regions.
The ruddy duck in Europe
Considerably lower genetic diversity was found in the ruddy ducks from Europe than from North America, both in mtDNA and microsatellite markers. The only haplotype present in Europe, Ojam_01, is the most common and widespread in North America. In terms of microsatellite data, 69 alleles were found in North America whereas only 38 were found in a larger sample of ruddy ducks from Europe. Therefore, the ruddy ducks from North America exhibited higher haplotype and microsatellite diversity (number of alleles per locus, allelic richness, observed heterozygosity and expected heterozygosity). In some cases the opposite pattern is observed, such that the introduced population harbours greater genetic variability than any of the possible source populations due to repeated introductions from genetically differentiated sources (Kolbe et al. 2004 ). In the case of the ruddy duck in Europe, the low diversity suggests that the number of colonizing events/ individuals is probably limited.
The level of genetic diversity in European ruddy ducks is consistent with population growth after a strong bottleneck associated with a single founding event. Our results suggest that a small number of founders from North America, bearing only a fraction of the total genetic variability of the species, gave rise to a new population in Europe. The initial founding event also explains the shifts in allele frequencies observed for several microsatellite loci and the restricted subset of North American alleles found in the European population (Fig. 3) . Seven ruddy ducks, four males and three females, were brought to the WWT at Slimbridge, UK, in 1948 and approximately 90 descendants of these birds escaped between 1953 and 1973 (Hudson 1976 . These appear to be the founders of the present feral population across Europe and North Africa, as well as the birds still held in captivity in Europe. It is unknown how many of these seven individuals successfully reproduced, or how many later escapes from captive populations have taken place (Rose 1993) . Limited diversity in both mitochondrial haplotypes (a single haplotype in all European ruddy ducks) and microsatellite alleles is consistent with the captive population at WWT being the single source of feral European ruddy ducks.
Six alleles found in the present feral population in Europe were not found in the captive birds examined (the WWT and Monmouth groups). Despite the fact that Monmouth was founded by individuals from WWT, both of the captive collections had alleles not present in the other, suggesting either that these alleles have been lost by drift or were not represented in the sample of birds we analysed. In the same manner, the six additional alleles found in the feral population in Europe could have been present in the seven original individuals that were imported to WWT but have since disappeared in the captive populations due to drift. Moreover, these alleles were typically at a frequency less than or equal to 6%, and therefore would have been more likely to disappear by drift than if they were highly frequent. The feral population in the UK became established between 1953 and 1973, and in 1980 , it numbered approximately 1500 birds. This rapid population growth likely minimized the effects of drift (Merilä et al. 1996; Zeisset & Beebee 2003) . In contrast, the two captive populations studied, which include a combined total of less than 100 birds, may have lost some alleles over the past 30-50 years. It is also possible that some of these rare alleles have resulted from new mutations in the European population over the last 50 years. Microsatellites have high rates of mutation, and some of the fastest evolving microsatellites have been described in birds (Primmer & Ellegren 1998; Brohede et al. 2002; Beck et al. 2003) . Assuming the founders had common alleles from North America, then stepwise mutations would likely generate other alleles already present in the North American population. Therefore, drift in the captive population, minimal drift in a rapidly growing feral population, and high microsatellite mutation rates may account for the allelic diversity found in European ruddy ducks without the input of additional genetic variation from North America.
Noticeably, composite genotypes based on just 10 microsatellite loci consistently identified individual ruddy ducks as being from Europe or North America. Despite the limited amount of time these populations have had to diverge genetically (c. 50 years), this strong discrimination was possible as a result of the reduction in allelic diversity in ruddy ducks from Europe and substantial shifts in the identity and/or frequencies of the most common alleles at several loci (Fig. 3) , consequences of the founding event.
No evidence was found for the recent arrival of North American ducks to the European population or for the existence of individual birds resulting from interbreeding between a ruddy duck from Europe and a ruddy duck from North America. Therefore we find no evidence that ruddy ducks from North America contributed to the population of ruddy ducks in Europe after the initial founding event.
Contributing to this inference is the fact that ruddy ducks from Iceland and the captive-bred population are indistinguishable from the feral population in the rest of Europe, while the European population as a whole is significantly differentiated from the North American population. The assignment of ruddy ducks from Iceland to the European population indicates colonization from Europe rather than from North America and suggests that wild ruddy ducks from North America have not reached Iceland or the European mainland via Iceland in recent years. Moreover, our findings are consistent with the fact that many bird species migrate between Iceland and the UK (Wernham et al. 2002) and that the Icelandic biota is formed mainly by species from the Palaearctic (Tiedemann et al. 2004) .
Summarizing, our findings indicate that the European population, including the captive and Icelandic individuals, forms a group genetically differentiated from the North American population due to shifts in allele frequencies associated with a founding event. The genetic diversity of European ruddy ducks is consistent with a founder population as small as seven birds, and we find no evidence for any recent arrival of additional ruddy ducks from North America.
Implications for conservation
In countries where the endangered white-headed duck is native, hybridization with the ruddy duck has been identified as a major threat to its survival (Hughes et al. 1999 (Hughes et al. , 2004 . Because the ruddy duck and the white-headed duck have been separate species for perhaps 1-2 million years (McCracken et al. 2000; McCracken & Sorenson 2005; Muñoz-Fuentes et al. submitted) , evolving in different continents, and because we can now rule out the natural arrival of ruddy ducks from North America to Europe, ongoing efforts to eliminate introduced ruddy ducks from European countries (Torres & Moreno 2000; Hughes et al. 2004) should be continued in order to conserve the white-headed duck.
